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bstract
In arid and semi-arid regions, soil salinity is a common problem threatening fertility of irrigated lands. The Lower Euphrates
alley in Syria suffers from salt accumulation in soil because of the inappropriate climatic conditions, using the traditional methods
n irrigation; flood irrigation. HYDRUS 1-D model was used to simulate water flow, salt transport and root water uptake processes
n this area. Data from seventy soil profiles were acquired from the pedological reports obtained from the Ministry of Irrigation
n Syria. Representative monthly evapotranspiration (ET0) values in Deir Ez-Zor were taken from the FAO CLIMWAT database.
he seventy soil profiles were grouped in fourteen zones distributed over the study area. For each zone, the monthly recharge and
ts salt concentration was estimated. The model was run for 24-month duration. The results showed increasing in soil salinity and,
onsequently, increasing in salts load transmitted into groundwater. Accordingly, mitigation measures have been suggested.
 2016 National Water Research Center. Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Syrian government depends on agriculture as a main part of its economy. The strategic crops like wheat and cotton
epresent major exported crops in Syria. Euphrates river existence and labor forces in the eastern north regions constitute
he appropriate conditions to plant these strategic crops. Extensive applied irrigation water, inadequate soil drainage
nd climatic conditions lead to increasing in soil salinity. The saline areas increased to about 34% of total arable lands
n the lower Euphrates basin. Salt accumulations, in soil, affect severely plants growth leading to reduction of crop
ield.
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On the other hand, salts existence in the soil constitute a source of groundwater contamination. After irrigation, salts
dissolve in water and finally reach and accumulate in the groundwater. In this regard, we should take into consideration
the amount of salts adsorbed to the soil particles besides the dissolved salts. The partition coefficient controls the
relationship between the dissolved and the adsorbed salts in linear or nonlinear relationship.
Extensive field data was conducted by the ministry of irrigation in the year 2005 under the land reclamation project
of the Lower Euphrates Valley. In this paper, HYDRUS 1-D model was employed for one of these areas of interest
(sector No. 7) in the Lower Euphrates Valley. Three processes were simulated; flow of water, salt transport and root
water uptake. The developed model was used to assess the amount of water recharge and salts loads transmitted to the
groundwater.
2.  Study  area
The study area lies in the east of Syria extending along the Euphrates River with approximate length of 38 km,
covering an area of about 18,140 ha (Fig. 1). It lies between longitudes 40◦ 37.5′ and 41◦ 00.0′ East and latitudes 34◦
22.5′ and 34◦ 45.0′ North. The area is bounded from the north-western direction by Deir Ez-Zor city, while Al-Bokamal
city constitutes the south-eastern boundary on the border with Iraq.
3.  HYDRUS  1-D  simulation  model
Flow process, solute transport and root water uptake were simulated using HYDRUS 1-D ( ˇSimu˚nek et al., 2013).
3.1.  Flow  process
HYDRUS 1-D solves, numerically, Richard’s equation. Richard’s equation is the mathematical representation of
downward flow in the one-dimensional isothermal uniform Darcian flow of water conditions:
∂θ
∂t
= ∂
∂z
[
K(h)
(
∂h
∂z
+  1
)]
− S  (1)where θ  is the volumetric water content (L3/L3), h is the matric suction (L), K(h) is the unsaturated hydraulic conductivity
(L/T), z  is the depth from the ground surface (L); t  is the time (T), S is the sink term accounting for the root water
uptake (T−1).
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Lots of researchers (Brooks and Corey, 1964; Van Genuchten, 1980; Fredlund and Xing, 1994), developed several
odels that describe the unsaturated soil hydraulic model. Van Genuchten–Mualem model was used in this paper to
escribe the relationship between (θ,h) (Van Genuchten, 1980):
θ(h) =
⎧⎪⎨
⎪⎩
θr + θs −  θr(1 + |αh|n)m h  <  0
θs h  ≥  0
(2)
K(h) =  KsSle[1 −  (1 −  S1/me )
m]2 (3)
m =  1 − 1
n
,  n  >  1 (4)
here θr, θs are the residual and saturated water content, respectively [L3 L−3], Ks is the saturated hydraulic conductivity
L T], α  [L−1] and n  represent the empirical shape factor, l  is the pore connectivity parameter and it is estimated to be
bout 0.5 as an average for many soils (Mualem, 1976).
.2.  Solute  transport  process
The governing equation of equilibrium and transient flow in the one dimensional variably saturated medium is called
he advection dispersion equation (ADE) (Radcliffe and Simunek, 2010):
∂(θc  +  ρbs)
∂t
=  − ∂
∂z
(
Jwc −  θDe ∂c
∂z
)
−  S  (5)
here c is the dissolved solute concentration expressed as mass of solute per volume of liquid [M L−3], s is the adsorbed
olute concentration expressed as mass of solute per mass of soil [M M−1], ρb is the dry bulk density [M L−3], De is
he effective dispersion coefficient [L2 T−1], Jw is the Darcian water flux [L T−1], and θ  is the volumetric water content
L3 L−3].
As it is apparent in the ADE, there are two dependent variables (c  and s). Several relations between (c  and s) are set
o eliminate these two dependent variables to one in both linear and nonlinear equilibrium adsorption.
Retardation factor (R), unit-less, appears in the numerical solution of the ADE to describe the adsorption process.
R  =  1 + ρbKd
θ
(6)
d is the distribution coefficient [L3 M−1] and the slope of the adsorption isotherm in linear adsorption.
The effective dispersion coefficient is the summation of both diffusion and dispersion coefficients. The effect of
iffusion on the effective dispersion coefficient is often ignored. In this case the De equals to:
De ≈  λv  (7)
here v  is the average pore water velocity [L T−1], λ is the dispersivity [L] and it is known as scale-dependent
ispersivity and it is often taken as one-tenth of the maximum dimension in the study domain.
.3.  Root  water  uptake
The root water uptake, here, is represented by the sink term in the Richard’s equation. It is defined as the volume of
ater removed from a unit volume of soil per unit of time ( ˇSimu˚nek et al., 2013).
Feddes et al. (1978) defined the sink term S  as function of soil water pressure head (h):
aS(h) =  α(h) · SP (8)
S(h) =  α(h) · β(z) · TP (9)
here α(h) is the water stress response function and its value ranges between (0 ≤  α ≤  1) [–], SP is the potential water
ptake rate [T−1], β(z) is the root spatial distribution [L−1], and TP is the potential transpiration rate [L T−1].
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The water stress response function which is proposed by Feddes et al. (1978) is a linear function of four critical
values of the water pressure head (h4 < h3 < h2 < h1) (Skaggs et al., 2006) and (Feddes and Raats, 2004):
α(h) =
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
h −  h4
h3 −  h4 h3 >  h  >  h4
1 h2 ≥  h  ≥  h3
h  −  h1
h2 −  h1 h1 >  h  >  h2
0 h  ≤  h4 or h  ≥  h1
(10)
4.  Model  parameters
4.1.  Soil  proﬁle  and  initial  conditionsSeveral pedological reports on the Lower Euphrates Basin, were gathered from the General Organization for Land
Development, the Ministry of Irrigation in Syria. Accordingly, seventy main soil profiles with their texture sand bulk
densities distributed over the study area were obtained. Fig. 2 illustrates the locations of the soil profiles over the study
area.
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It was noticed that most of soils; about 54% from the soil profiles; in the study area have the fine-grained texture
in the first top meter. The mechanical composition of soil profiles in different horizons shows that the fine-texture
increases with depth.
Because of the difficulties with obtaining the direct measurements of (θ  and h) in the field or laboratory, Rosetta
Lite version (1.1) module was used to estimate the soil hydraulic parameters of Van Genuchten–Mualem equations
(Schaap et al., 2001).
For each soil profile, the value of dry bulk density and the percentages of sand, silt and clay at different horizons
were entered to the module. Then, the neural network prediction was run to estimate the shape parameters(α, n  and m)
of the Soil Water Characteristic Curve (SWCC).
The residual and the saturated water content and the saturated hydraulic conductivity were, also, determined in the
soil hydraulic parameters for each soil profile at different horizons from the pedological reports (GOLD (MOI), 2007).
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Fig. 3. Monthly evapotranspiration values at Deir Ez-Zor station.
Fig. 4. Salt concentration distribution along soil profile depth for the initial condition (T0) and after one year (T1) and two years (T2).
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The initial condition was set in terms of pressure head. The initial conditions for the pressure head are set to −1000 m
at all depths, h(z,0) = −1000 m. Initial salt concentration was calculated from electrical conductivity of the soil water
(ECsw), which was determined using the following relationship:
ECsw = Spρb100 θ  ρwECe (11)
Fig. 5. Cumulative bottom flux versus time at some soil profiles.
Fig. 6. Cumulative bottom solute flux versus time at some soil profiles.
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where Sp is soil saturation percentage, ρb is soil dry bulk density [M L−3], ρw is density of water [M L−3], θ  is
volumetric soil water content [M3 M−3], and ECe is the electrical conductivity of the saturated paste whose value was,
also, taken from the pedological report.
4.2.  Time-variable  boundary  conditions
Atmospheric boundary conditions were specified as the top boundary condition during (24 months). Free drainage
was set as the bottom boundary conditions. The amount of monthly potential evapotranspiration values (ET0) and
application of irrigation water were entered to HYDRUS as variable boundary conditions as shown in Fig. 3. The
monthly values of (ET0) were obtained from Deir Ez-Zor station from CLIMWAT database for CROPWAT program,
Fig. 7. Zones distribution over the study area.
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which was developed by FAO (1992). Constant salt concentration of irrigation water was specified for the upper
boundary condition (type #1): c(0, t) = c0(t) = 1000 mg/cm3. Zero concentration gradient was specified for the lower
boundary condition; type #2. This type of boundary condition takes the form:
∂c(∞,  t)
∂z
=  0 (12)
5.  Results  and  discussion
HYDRUS 1-D simulation was run for a 24-month period from May (2005) to April (2007). The reason for choosing
this period is the availability of data. Fig. 4 shows salt concentration distribution along some of the soil profiles depth
for the initial condition and the simulated changes after one year and two years.
It is evident from the simulation results that the salt concentration increases with depth and time. The increasing of
salt concentration with time is caused by the fact that plants consume the soil water and leave salts to accumulate with
time in addition to the adsorption process of salts to soil particles.
Simulation results of the cumulative bottom flow and solute flux, for selected profiles, were plotted against time to
determine the amount of recharge and its salt concentration transmitted into the groundwater, Figs. 5 and 6, respectively.
Because the simulation processes were run in only one dimension; the soil depth, the resulted bottom flow and solute
flux from each soil profile should be integrated on the whole study area to give the recharge and its salt concentration to
the groundwater over all the area. Such integration needs to group the soil profiles into zones. Each zone was spatially
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Fig. 8. Groundwater recharge over the different zones in the study area.
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Fig. 9. Salt concentration over the different zones in the study area.
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et to include the soil profiles which have approximate soil properties; soil structure; and initial salt concentration. So,
he 70 soil profiles were grouped into 14 zones distributed over the study area. Zoning Criteria includes soil profiles
hich have approximate soil properties; soil structure; and initial salt concentrations. Fig. 7 illustrates the location of
he 14 zones.
The average value of groundwater recharge and its salt concentration within each zone were calculated and plotted
n Figs. 8 and 9.
.  Conclusion
Salt accumulation, in the loamy soil and in the groundwater, was simulated numerically using HYDRUS 1-D. The
nitial high salt concentration in zone No. 6 resulted in a high salt loads to groundwater up to 47,000 mg/cm3 after
unning the model for two years. In addition, the increased soil salinity with time has resulted in reducing the areas of
rable lands for agriculture. A series of mitigation procedures should be taken to stop this deterioration in the salinity
f soil and groundwater. In this respect, modern irrigation methods should be applied, and proper agricultural drainage
hould be implemented.
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